Oral cancer is a complex disease that is characterized by histologic and genetic heterogeneity. The evolution and progression of this disease is thought to result from the accumulation of alterations in molecular pathways. Although the oral cavity is accessible for routine screening of suspicious lesions, gene alterations are known to accrue in histologically normal tissues. Therefore, some cancer forerunners may remain undetected clinically or histologically. Recently emerging optical and molecular technologies have provided a powerful means for redefining the extent of the field of alteration. Often this means expanding upon regions detectable with standard white light approaches. In this report, we used a newly developed optical technique, direct fluorescence visualization, to define a contiguous field that extended beyond the margins of a clinically visible oral squamous cell carcinoma. Multiple biopsies were taken within this contiguous optically altered field. Genome alterations detected for each specimen were compared to define whether each lesion arose independently or as a consequence of a shared progenitor cell. Our results indicate that the field effect of oral cancer is extremely dynamic, with different genetic alterations present in different biopsies within a field. This case study also demonstrated that 2 genetically unrelated squamous cell carcinoma could be developed within 10 mm at the right lateral tongue of this patient. These findings provide evidence for the importance to implement optical technologies in defining surgical margins and support the use of whole genome technologies in the diagnosis of clonal versus independent lesions of the oral cavity, which may have implications on treatment strategies.
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Key Words: oral cancer, direct fluorescence visualization, field cancerization, clonality (Am J Surg Pathol 2009; 33:1732-1738) ''F ield cancerization'' was first proposed 6 decades ago by Slaughter et al 36 to describe the multifocal development of oral cancer. With advances in molecular technology, it has become apparent that gene alterations within an affected field may be spread broadly across the mucosa of oral cancer patients. 6, 7, 39 The reality that these altered cells can contribute to local disease recurrence or the development of second primary tumors has driven extensive research into approaches for effectively defining the margins of a diseased field.
Fields in oral cancer patients, including clinically occult fields, areas of oral premalignant lesions (OPLs), and cancers, represents a heterogeneous group of lesions that can vary widely in their potential for malignant transformation and metastasis. 1, 22, 32, 35 Moreover, many OPLs and early staged squamous cell carcinomas (SCCs) are undetectable by standard white light examination and thus may not be readily detected in the clinical setting. Even where OPLs and SCCs can be visibly detected, disease may extend beyond the margins presently defined in the clinic. 8, 25 These lesion-adjacent ''normal'' fields, determined by clinical visibility, can harbor molecular alterations that may later be the basis for recurrent disease. 3, 6, 8, 15, 20 Recent advances in optical technology have provided a means for simple, cost-effective, and discriminating visualization of disease fields. Different adjunct tools, including direct fluorescence visualization (FV) and toluidine blue staining, have been reported to aid in the identification of OPLs and early oral cancers, thus guiding decisions for biopsies at the chair side and for surgical margins in the operating room. [26] [27] [28] 42 The molecular mechanisms governing field change remain unclear. It is possible that the carcinogen exposure to epithelial cells at several sites gives rise to independent transformation events and the induction of multiple genetically unrelated tumors. 36 Alternatively, a rare transforming event in a single progenitor cell that subsequently repopulates a contiguous area of tissue may give rise to multiple, clonally related tumors. 4 Lateral intraepithelial migration of a preneoplastic cell has also been proposed to give rise to multiple lesions. 7 Clinical presentation and histologic evaluation are unable to determine whether lesions from the same patient are clonally related. This distinction is important as it may impact treatment decisions and outcomes. Understanding the specific gene alterations underlying each lesion will be increasingly important as we move toward targeted therapies. Using improved screening techniques and molecular tools to define relationships between lesions would allow more accurate application of existing treatment modalities. 13, 16 Previous molecular efforts to assess clonality in oral cancer have been based on evaluation of one or a handful of previously identified critical gene changes [eg, loss of heterozygosity (LOH) at frequently altered loci, detection of a known cytogenetic marker, or p53 mutational status]. 4, 5, 14, 24, 33, 34, 37, 39, 40 This reliance on a priori knowledge for evaluable targets limits the effectiveness of this approach, as gene changes that were not assessed may be driving the progression of a given tumor. In addition, evaluation of the most frequently occurring molecular events in oral tumorigenesis may establish false relationships between tumors that have obtained mutations independently. High-resolution whole genome analysis for individual lesions, including fine-mapping of DNA alteration boundaries, represents an effective means of delineating clonal relationships between tumors. 9 The detection of alterations with identical boundaries in multiple lesions from the same patient would strongly indicate the presence of a shared progenitor, whereas the absence of such shared features would be indicative of independent origins. The ability to accurately define clonality in these cases will have a significant impact on guiding treatment decisions. 9 In this case report, we used a novel optical technique to characterize the field of diseased oral tissue in a 52-year-old male smoker who presented with a single oral squamous cell carcinoma (OSCC) lesion. Using this approach in concert with histologic and genomic analyses, we have comprehensively characterized the altered field. Through this approach, our results demonstrate how vast and heterogeneous the altered field can be clinically, histologically, and molecularly and therefore highlight the importance of an enhanced treatment decision based on these technologies.
MATERIALS AND METHODS

Case Presentation
A 52-year-old male smoker developed a 1.5 cm nodular tumor at the right lateral tongue, which is clinically visible under white light ( Fig. 1A, #1 ). A hand-held FV device, VELscope (LED Med Inc, British Columbia, Canada) has been applied to guide surgical treatment of oral cancer in the operating room. 25, 27, 31 This simple hand-held device uses a blue/violet light (400 to 460 nm) to excite the oral tissues where normal tissue would reemit this light as pale green, whereas abnormal tissues would show loss of such autofluorescence (FV loss or FVL) and appear dark brown. 21, 26, 27 Using this FV device, a dark brown area of FVL at the tumor (initially identified under white light, #1) and an additional area, 25 mm anterior to the clinically visible nodular lesion (which appeared normal under white light), were revealed (Fig. 1B, #2 and 3 ). Staining of the oral tissues with toluidine blue was also used to guide surgical treatment. Toluidine blue is a dye that has been shown to stain high-risk OPLs. 42 After the application of toluidine blue, 2 areas were positive: one area overlapped the tumor that was identified under white light (#1) and a second separate area within the FVL area (#3, Fig. 1C ). Although area #2 showed loss of autofluorescence, it was negative for toluidine blue stain (Fig. 1C ).
Tissue Samples
A 5-mm punch biopsies (from areas #1, 2, 3, and 4) were obtained from the surgical specimen ( Fig. 1 ). 25 Samples were fixed in 10% neutral formalin and embedded in paraffin wax. Tissue sections were stained with hematoxylin and eosin and diagnoses were confirmed by the study pathologist (C.F.P.) according to the World Health Organization classification. The control sample (#4) was obtained at the surgical margin, 10 mm away from the FVL boundary. Epithelial cells in the represented areas were meticulously dissected from subtending connective tissue under an inverted microscope using a 23 G needle. DNA was extracted using standard phenol-chloroform protocols followed by ethanol precipitation. 38 
Whole Genome Tiling-path Array
Tiling-path genomic arrays, SMRT v.2, obtained from the British Columbia Cancer Research Centre Array Laboratory, were used to identify copy number alterations present in the various biopsies. 17 The whole genome is represented as 26,819 overlapping bacterial artificial chromosome clones spotted in duplicate, allowing breakpoint detection at a resolution of 50 kbp. 12, 17 Each sample DNA and the same normal reference male genomic DNA (250 ng each) were random prime labeled with cyanine-3 and cyanine-5 deoxycytidine triphosphate, respectively. Hybridization, washing, and scanning of the arrays, and analysis of the array images were performed as previously described. 38 A 3-step normalization procedure, including locally weighted scatterplot smoothing fitting, spatial, and median normalization, was used to remove systematic biases. 19 SeeGH software was used to display log 2 signal intensity ratios in relation to genomic locations in the hg17 assembly (National Center for Biotechnology Information Build 35). 11 Data points with SD >0.075 and signal-to-noise ratio <3 in either channel were removed. 38 Breakpoint detection algorithm aCGH-smooth was used to delineate boundaries of DNA gain and loss. 18 LOH All samples were analyzed by 10 microsatellite markers. The protocol for LOH analysis and scoring have been previously described. 41 Microsatellite markers used mapped to the following 10 regions: 3p14.2 (D3S1234, D3S1228, and D3S1300), 9p21 (IFNA, D9S171, D9S1748, and D9S1751), 17p11.2 (CHRNB1), and 17p13.1 (tp53 and D17S786). Markers were selected based on previous studies showing their predictive value for cancer risk of OPLs. 29 
RESULTS
Heterogeneity Across an Optically Altered Field
The 1.5 cm nodular tumor, apparent clinically, FVL, and uptake of toluidine blue (area #1) was identified as an invasive SCC (Fig. 1D ). Area #2, anterior to #1, was clinically not-apparent but showed FVL with no uptake of toluidine blue, was classified as a moderateto-severe dysplasia (Fig. 1E) . Interestingly, area #3, 10 mm anterior to the nodular tumor (#1), was also clinically not apparent but showed FVL and was positive for toluidine blue staining. This area was histologically assessed as an invasive SCC (Fig. 1F) . No dysplasia was detected in the control sample (area #4), which had no FVL and was negative for toluidine blue staining (Fig. 1G) . Thus, histologically different areas were found within the single contiguous field of FVL, whereas uptake of toluidine blue was only found in the SCC areas (#1 and #3). The 4 samples were also examined with LOH markers known to predict risk of progression and recurrence. 29, 30 LOH was detected at 9p (D9S1748 and D9S171) and 17p (D17SCHRNB and tp53) in samples #1, 2, and 3. No LOH was detected at the above loci in normal sample #4. This further supports the use of FV device to capture high-risk field. Accrual of multiple biopsies within this optically altered field provides us the opportunity to examine the intralesional heterogeneity of this patient.
Defining Clonal Origin Among Biopsies in an Oral Cancer Field Using Whole Genome Breakpoint Detection
Previous studies have used molecular techniques that are limited to low-resolution findings or are based on known genetic changes to determine a clonal origin among multiple lesions. 4, 7, 20, 23, 37, 39, 40 However, the regions assayed occur frequently in oral cancers regardless of clonal origin. By tiling-path DNA microarray, unique boundaries of genetic alterations in the genome are delineated, thus improving the ability to deduce relatedness among the lesions. We obtained whole genome profiles of microdissected cells from areas #1, 2, 3, and 4. Genetic alterations common to all samples were all whole arm changes, including loss of 5q and 8p, and gain of 8q (Fig. 2) . The most striking feature among the genetic alterations of these samples was a region of high-level amplification on chromosomal band 9p22.3-p24.2 that was absent in the normal sample #4 (Fig. 3 ). This region of high-level amplification was a distinct feature of these samples and was not commonly observed in other OSCCs from different patients. 2 However, alteration boundaries were not shared across all 3 samples. Area #1 (SCC) had distinctive boundaries at 9p24.2 and 9p22.2, whereas areas #2 (dysplasia) and #3 (SCC) both shared the same genetic boundaries near the telomere of 9p and 9p22.3 (Fig. 3) . Because areas #2 and #3 shared the same alteration boundary, it is indicative of a shared origin, distinct from area #1.
Although the 3 samples shared common genetic whole arm alterations, which may be indicative of a common progenitor, whole arm changes, unlike specific regions of breakage, are common in unstable tumor genomes and therefore cannot be used to deduce a clonal origin. Six additional genetic events were exclusively detected in the clinically apparent SCC (area #1). The genetic alterations that governed this divergence included segmental gain of 3p12.1-p14.1 and 11q12.3-q13.2, chromosome gain of 14q and 15q, and chromosome arm loss of 5p and 21q (Fig. 2) . Interestingly, area #2 (dysplasia), located between 2 SCCs (areas #1 and #3), shared more common genetic alterations with 6 identical boundaries with area #3 than with area #1. Common genetic changes between areas #2 (dysplasia) and #3 (SCC) included 3p loss, 7p11.2 gain (EGFR), and 7p14.1-pter gain (Fig. 2) .
Concurrent with the premise that genetic alterations accumulate and parallel the histologic progression model from dysplasia to SCC, all genetic alterations present in area #2 (dysplasia) were also detected in area #3 (SCC) and additional genetic events occurred for the formation of area #3. These exclusive changes specific to area (Fig. 2) . Alterations detected in area #2 are believed to be early events, whereas additional alterations detected in area #3 are believed to be later events. Normal sample #4 contained variations in genomic loci of copy number polymorphisms and contained none of the genetic alterations described in samples #1, 2, and 3. From the above analysis, we hypothesized that 2 subclone populations originated from a common progenitor and SCC #3 was derived from dysplasia #2, whereas it seems SCC #1 diverged to a separate clonal lineage. However, we could not rule out the possibility that whole chromosome arm change of 5q, 8p, and 8q are random independent changes as these are whole arm changes that happen frequently in OPLs from different individuals.
LOH Results Suggest a Common Progenitor
Among Biopsies #1, 2, and 3
Examination of microsatellite markers have been used by several previous studies to predict local tumor recurrence and examine clonality of synchronous or metachronous lesions in the oral cavity. 4, 23, 24, 33, 37 Microsatellite analysis of biopsies #1, 2, and 3 revealed LOH at the same allele at 9p (D9S1748 and D9S171) and 17p (CHRNB and tp53), no LOH at 3p14 (D3S1228, D3S1234, and D3S1300), and was noninformative at IFNA and D9S1751. No LOH was detected at the above loci in normal sample #4. Thus, on the basis of microsatellite markers alone a common progenitor would be suggested among all 3 biopsies, demonstrating that LOH alone is not sufficient to determine clonality among lesions.
DISCUSSION
A field of alteration, which extended 25 mm anterior to the clinically apparent tumor, was detected by a FV device in the oral cavity of a 52-year-old male oral cancer patient. Using the FV device, in conjunction with conventional approaches using white light and toluidine blue stain, several areas within the altered field were sampled for histologic and molecular analysis. One dysplasia and 2 SCCs were identified for the 3 biopsies. Whole genome analysis of these 3 biopsies revealed 2 clonal populations of cells with different genetic signatures, providing important clinical implications for tailored treatment in the future. This is a keen example of using whole genome technologies to determine clonality between samples of a single patient.
This case highlights 2 major issues in oral cancer management. The first is the clonal origin of multiple tumors within the oral cavity and its clinical implication. In this case, we observe a situation where 2 tumors (SCCs #1 and #3) are present in close approximation and although they share some common whole arm changes, they seem to be genetically different (Fig. 2) indicating that they arose through subsequent independent mechanisms. Therefore, each tumor may require different therapy regimes as we move toward molecular targeted therapies. The second is the presence of clinically not apparent fields. Clearly using white light alone is not sufficient to truly capture the entire field of alteration. Leaving behind a portion of the altered field during surgical procedures greatly increases the possibility of recurrence for these patients. 8, 27 Therefore, additional techniques, such as FV and toluidine blue stain, are necessary to more accurately define the surgical margins.
It is well known that genetic alterations accumulate with the increasing histologic stage; although most studies have been performed with lesions from different time points or different patients. 10 Studying a single altered field where multiple histologic grades are present provides us with the opportunity to study the natural history of the disease. In this case, we detected 2 regions classified as SCC separated by a region of dysplasia. Two clonal lineages (SCCs #1 and #3) governed the formation of the field anterior to SCC #1. For example, DNA amplification of chromosome 9p was detected in all samples including SCC in area #1, dysplasia in area #2, and SCC in area #3. Although areas #2 (dysplasia) and #3 (SCC) shared identical genetic boundaries of the 9p amplicon, the boundaries were different between 2 geographically separated SCCs (areas #1 and #3). This represents divergent cell subpopulations between areas #1 and #3. Because areas #2 (dysplasia) and #3 (SCC) shared breakpoints for chromosome 9p amplicon, we can conclude that this was an early event. In contrast, amplification of cyclin D1 was exclusively present in SCC #3, suggesting a later but aggressive role for this gene to govern the formation of SCC in area #3. Although whole arm loss of chromosome 5q and 8p, and gain of chromosome 8q were common events among areas #1, 2, and 3, suggesting a common progenitor governing the formation of these samples, we cannot conclusively state whether these events were present in a progenitor common to all 3 areas as whole arm change occurs frequently in different individuals regardless of their clonal origin. The whole arm changes (5q, 8p, and 8q) observed in all 3 biopsied areas occur independently in almost half of the unrelated OSCC cases we have profiled. 2 However, it is still possible that these whole arm alterations were priming the entire field with genetically damaged cells and independent secondary genetic damages occur in 2 areas within this field, thus contributing to the divergence of 2 lineages.
Molecular analyses using LOH markers were also performed on these biopsied areas. On the basis of the results from LOH alone, we would have concluded all collected biopsies within this field shared a common progenitor, as all other genetic alterations not assayed by the markers escaped detection. Thus, it is crucial to use high-resolution whole genome technologies to examine global genetic alterations when trying to determine a clonal origin. In addition, clonality among lesions should be established based on the occurrence of specific genetic breakpoints of segmental alterations to prevent identifying whole arm changes that are frequently detected in oral cancers from different patients.
The understanding of the molecular mechanism paralleling the spread of ''field at risk'' will place important implications on the prevention and treatment of OSCC patients. By mapping different biopsies within an optically altered oral mucosa field using whole genome tiling-path microarrays, we hypothesized a common progenitor cell with critical genetic alteration (loss of 5q and 8p, and gain of 8q) overpopulated a contiguous field of genetically damaged cells, and subsequent independent genetic events happened governing the formation of 2 SCCs within a single anatomic field. This case report is a keen example that confirms the use of optical tools that is necessary to detect field change of oral cancer patients, which could improve surgical margin decision. It also has important implication as we move toward tailored therapy because a single field could be extremely dynamic and there might be a need for different targeted therapy to effectively treat different subclones of a single field.
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